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In this  article  we report  on solution  combustion  method  to synthesize  SrTiO3 nanoparticles  (ST-NPs)  and
the  removal  of  malachite  green  (MG)  azo dye  from  the  aqueous  solution.  The  synthesized  ST-NPs  were
calcined  at  600 ◦C for  2 h. Powder  X-ray  diffraction  (PXRD),  ﬁeld  emission  scanning  electron  microscopy
(FE-SEM),  transmission  electron  microscopy  (TEM),  Fourier  transform  infrared  spectroscopy  (FT-IR),  and
Brunauer–Emmett–Teller  (BET)  were  used  to characterize  the  product.  Adsorption  experiments  were
performed  with  cationic  malachite  green  (MG)  dye.  ∼98%  dye was adsorbed  onto the ST-NPs  at  pH  10  for
30  min  of  the  contact  time.  The  optimum  adsorbent  dose  was  found  to be 0.015  g/L of the dye. To  studyolution combustion
alachite green
dsorption
angmuir isotherm
the  adsorption  kinetics  Langmuir  Hinshelwood  model  was  used  and  the ﬁrst  order  kinetic  best  describes
the  MG  adsorption  onto the  ST-NPs.  The  adsorption  isotherms  data  of MG  onto  ST-NPs  obtained  were
analyzed  by  Langmuir  and  Freundlich  isotherm  models  and the  results  describe  the best  representation
of  the  Langmuir  isotherm  model.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Nowadays, many industries, such as textile, paper/pulp, prin-
ing, iron/steel, coke, petroleum, pesticide, paint, use dyes to color
heir products [1,2]. Dyes possess color due to the presence of chro-
ophore group, having conjugated system and exhibit resonance
f electrons, which is a stabilizing force in an organic compound
3,4]. Once it discharges into the river, it causes coloration of water
nd it is very much harmful for humans and aquatics [5]. Several
rocesses like chemical, biological and physical process have been
dopted for the treatment of dyes from wastewater [6]. Adsorp-
ion is a well-known equilibrium separation process and superior
o other techniques in terms of initial cost, ﬂexibility and it does not
esult in the formation of harmful substance. Liquid-phase adsorp-
ion is one of the most popular methods for the removal of dyes∗ Corresponding author. Tel.: +91 9663313591; fax: +91 08028468193.
E-mail address: prsnthmysore@gmail.com (P.A. Prashanth).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.11.005
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producfrom water [7]. The activated carbon materials from coconut coir,
rice husk, neem tree leaves, and orange peel have been used for the
removal of dyes from wastewater [8–12].
Malachite green (MG) is a triphenylmethane cationic water sol-
uble dye [13], and when entering into the food chain it causes
carcinogenic, mutagenic and teratogenic effects on humans. MG
easily undergoes degradation and formed products are toxic and
cause damage to liver, lungs and bones [14,15]. Hence it is necessary
to remove it from efﬂuent.
ST-NPs were synthesized by various methods like hydrothermal
method [16], sol–gel method [17], solid state reaction, spray
pyrolysis [18], ultrasonic irradiation method [19], and combustion
method [20]. Among these various synthetic methods, combustion
method is of great interest because of its low cost and highly pure
and homogeneous powders with ﬁne particle size.
The ST-NPs being a perovskite oxide, with high stability and
non-toxic in nature, have been used in many applications like water
splitting reaction under UV light irradiation [21], electrical applica-
tions [22], catalyst [23], superconducting [24], luminescence [25],
solid oxide fuel cells [26] due to its band gap of 3.2 eV. Some
researchers have studied that the excellent degradation of methyl
tion and hosting by Elsevier B.V. All rights reserved.
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crystallite size was calculated using Debye–Scherer’s formula [34].
d = k
 ˇ cos 
(4)
Table 1
Crystal lattice and structural parameters of ST-NPs.
Atoms Wyckoff Site x y z
Sr 1a m−3m 0 0 0N.P. Bhagya et al. / Journal of As
range was achieved by Ag-STO [27]. The excellent photo-reduction
f Cr(VI) is achieved by ST-NPs [28]. 91% degradation of methyl blue
as obtained by ST-NPs which are synthesized by solvothermal
ethod using metatitanic acid as an intermediate. [29]. The pho-
ocatalytic degradation of dark green 6 and reactive orange 72 azo
yes using STO-TiO2 nanocomposite has been studied [30]. There
s no satisfactory literature on the adsorption of MG  dye using the
T-NPs. It creates an interest to proceed with the adsorption of MG
sing the ST-NPs as an adsorbent.
The present study is focused on the application of ST-NPs as an
dsorbent for the removal of MG  from the aqueous solution synthe-
ized by solution combustion method using urea as fuel. The effect
f various parameters, such as effect of dosage, pH, rate of stirring,
nitial dye concentration, and its adsorption isotherm and kinetics
ave also been studied.
. Experimental
.1. Materials
Strontium nitrate [Sr(NO3)2·6H2O, AR 99%, Nice], tetra-n-butyl
itanate [Ti(OC2H9)4, AR 99%, Merck], urea [NH2CONH2, AR 99%,
homas Baker], 1:1 nitric acid [HNO3, AR 99%, Fischer Scientiﬁc],
alachite green dye [C23H25ClN2 chloride, Sigma-Aldrich] and
ommercial strontium titanate [SrTiO3, Sigma-Aldrich] were used
s such without further puriﬁcation.
.2. Synthesis of ST-NPs
The ST-NPs were synthesized by solution combustion method
31–33] using tetra-n-butyl titanate and strontium nitrate as start-
ng materials. Hydrolysis of tetra-n-butyl titanate gives TiO(OH)2.
he obtained TiO(OH)2 is dissolved with 10 ml  of 1:1 nitric acid
o obtain TiO(NO3)2. The following reactions take place during the
ormation.
i(OC4H9) + 3H2O → TiO(OH)2 + 4 C4H9OH (1)
iO(OH)2 + 2HNO3 → TiO(NO3)2 + 2H2O (2)
Then Sr(NO3)2, TiO(NO3)2, and urea were dissolved in minimum
uantity of distilled water in a crystalline dish with constant stir-
ing about 30 min  on magnetic stirrer to get homogeneous solution.
he solution was kept on pre-heated mufﬂe furnace at 450 ◦C. The
olution was boiled and it resulted in highly viscous liquid which
atches ﬁre, auto ignited with a ﬂame on the entire volume, form-
ng a white colored powder. The formed powder was  calcinated at
00 ◦C for 2 h. The stoichiometrically balanced exothermic redox
eaction between Sr(NO3)2, TiO(NO3)2 and urea can be expressed
s follows:
Sr(NO3)2 + 3TiO(NO3)2 + 10NH2CONH2 → 3SrTiO3 + 16N2
+ 10CO2 + 20H2O (3)
.3. Preparation of MG  dye solution
To prepare stock solution (10 mg/L) of dye, an accurately
eighed amount of the MG was dissolved in distilled water. Exper-
mental solutions of required concentration were obtained by
uccessive dilutions.. Characterization techniques
The ST-NPs were characterized by PXRD. The PXRD patterns
ere collected on a Shimadzu XRD-700 X-ray diffractometer withFig. 1. PXRD patterns of ST-NPs.
CuK radiation in diffraction angle range 2 = 20–80◦, operating
at 40 kV and 30 mA. To study the morphology of the ST-NPs,
FE-SEM micrographs were recorded on a ZEISS ULTRA 55 scan-
ning electron microscope. TEM micrograph was  recorded on a
Hitachi H-8100 (accelerating voltage up to 200 kV, LaB6 Fila-
ment). FT-IR analysis was studied on a Perkin Elmer Spectrometer
(Spectrum 1000) with KBr pellet technique on the range of
400–4000 cm−1. UV–vis spectrum was  recorded on double beam
Elico SL-210 spectrophotometer. Remi centrifuge was used to sep-
arate dye solution from adsorbent. BET surface area was  recorded
on Brunauer–Emmett–Teller surface area analyzer (ASAP2020) at
the bath temperature −196.329 ◦C.
4. Results and discussion
4.1. PXRD studies
The formation of nanocrystalline phase of the combustion
derived ST-NPs was conﬁrmed by PXRD measurements. Fig. 1
shows the PXRD pattern of as-formed and calcinated samples.
The PXRD pattern of as-formed (formed at 450 ◦C) product shows
the amorphous strontium titanate phase along with anatase and
rutile TiO2 peaks. All the diffraction peaks of calcined ST-NPs were
indexed to (100), (110), (111), (200), (211), (221), (310) and well
matched with JCPDS card no: 35-0734 with space group Pm−3m
(No-221). The crystal system of the ST-NPs is cubic with cell
parameters a = b = c = 3.9050 A˚. The crystal lattice and structural
parameters of ST-NPs are presented in Table 1. The packing diagram
of ST-NPs shows that Sr2+ ions are present at each corner of the cube
and Ti4+ is at the center of the cube and each Ti4+ is coordinated by
6O2−. Therefore, each Sr2+ is surrounded by four TiO6 octahedral
with equal six Ti O bonds. Each Sr atom is surrounded by twelve
equidistant oxygen atoms. The full width at half maximum (FWHM)
of the peaks was relatively broad, indicating nanoscale. The averageTi  1a 4/mm.m 0.5 0.5 0.5
O  3b mm2  0 0.5 0.5
Crystal system: cubic; lattice: face centered; space group: Pm−3m (221); ICDD:
35-0735.
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Fig. 2. FE-SEM image of ST-NPs at different resolutions.
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with different dosage of adsorbent in 250 ml  beaker and stirred
about 30 min  in dark condition at room temperature. Then the
dye solution is separated from the adsorbent by centrifugation at
1100 rpm for 5 min. The absorbance of the residual concentrationFig. 3. (a) TEM, (b) HR-TEM
here ‘d’ is the average crystalline dimension,  is the X-ray wave-
ength (0.154056), ‘k’ is the constant, ‘’ is the Bragg’s angle and ‘ˇ’
s the full width at half maxima (FWHM). The calculated crystallite
ize was found to be in the range of 10–15 nm.
.2. Morphological analysis
The morphology of ST-NPs was studied by using FE-SEM.
ig. 2(a) and (b) shows the FE-SEM images at different resolutions. It
s clearly observed that particles are spherical in shape and agglom-
rated due to the high calcination. TEM, HR-TEM, and SAED images
f ST-NPs (Fig. 3(a)–(c)) show that the particles obtained are in
anoregime with average particle size of ∼20 nm.  These results
ere well matched with the result obtained by the Debye–Scherer’s
ethod. HRTEM ﬁgures clearly show that ST-NPs are highly crys-
alline. SAED pattern is composed of some rings which supports the
olycrystalline nature of ST-NPs.
.3. FT-IR analysis
This is the analytical technique which conﬁrms the purity of
he ST-NPs. A strong band at 3362 cm−1 in Fig. 4 attributed to the
–H stretching vibration of TiO(OH)2. A weak stretching C–H of
utyl group in n-butyl titanate is seen at 2492 cm−1. A strong metal-
xygen absorption band is formed at 574 cm−1.
.4. BET surface area
The total surface areas of the ST-NPs were obtained with
eference to the Brunauer–Emmett–Teller (BET) multi-point and
ingle-point methods [35] using the N2 adsorption/desorption
sotherm data. All samples were pretreated with degassing at 90 ◦C
or 1 h followed by 105 ◦C overnight with ultra high purity nitro-
en purge before the measurement. The pore volume data werec) SAED patterns of ST-NPs.
calculated by using BJH method which is the procedure for cal-
culating pore size distribution using the Kelvin equation and DH
methods. All experimental parameters of BET surface area analysis
are summarized in Table 2. Fig. 5(a) and (b) shows the N2 adsorp-
tion/desorption isotherms and BET surface area plot of ST-NPs.
5. Adsorption studies
5.1. Batch experiments
Batch experiments were carried out at different time, dose, pH,
and initial concentration of dye. 50 ml  of the dye solution was mixedFig. 4. FTIR spectrum of ST-NPs.
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Table  2
BET surface area values.
Surface
area (m2/g)
Pore volume
(cm3/g)
Pore size
(nm)
Micropores
area (m2/g)
BJH
Adsorption average
pore diameter (nm)
BJH
Desorption average
pore diameter (nm)
18.01 0 0.0287 6.38 10.57 15.11 12.27
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plot of zeta-potential versus pH gives the isoelectric point of the
synthesized ST-NPs and is observed at pH 5 as shown in Fig. 8.
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f dye was measured at 618 nm (max) using a UV–vis spectropho-
ometer. The MG  is chloride salt [C6H5C(C6H4N(CH3)2)2]Cl organic
ye with molar mass 364.9 g/mol. The percentage removal of MG
as calculated using the below equation
 Adsorption = C0 − Ce
C0
(5)
here C0 and Ce are the initial and ﬁnal concentration of the dye
olution. The amount of equilibrium adsorption, qe (mg/g), was
alculated by the equation
e = V(C0 − Ce)
M
(6)
here C0 and Ce (mg/L) are the concentrations of dye at initial and
quilibrium, respectively. V (L) is the volume of the solution and M
g) is the mass of adsorbent used.
.2. Effect of dosage
The adsorption of MG on commercial strontium titanate
nd synthesized ST-NPs was studied by varying the dosage for
0 mg/L of dye concentration. The percentage adsorption was
tudied by varying the adsorbent dosage, i.e. 3–20 mg.  From
he results obtained, it is observed that the synthesized ST-NPs
howed maximum adsorption of 77% for the addition of 15 mg  of
dsorbent, whereas commercial strontium titanate shows only
2% of adsorption. From Fig. 6 it was observed that the rate of
dsorption increases and reached the maximum adsorption and
nally decreased. The enhancement of the adsorption rate may
e due to the increase in the availability of active sites for the
dsorption of dye molecules. On further increasing the dosage, the
ercentage adsorption decreases, and this might be due to the fact
hat the transportation of dye ions to the active adsorption sites
ill be limited..3. Effect of contact time
The effect of contact time on the adsorption of dye was  stud-
ed by maintaining initial concentration of dye (10 ppm) at roomFig. 6. Effect of dosage of adsorbent on adsorption of MG.
temperature with 15 mg  of commercial strontium titanate and syn-
thesized ST-NPs at constant pH. The adsorption of the dye increased
with the increase of contact time and reaches saturation at 30 min
for both synthesized ST-NPs and commercial strontium titanate.
Beyond the saturation level the active site does not allow further
adsorption to take place. This might be due to the saturation of sur-
face active sights on the adsorbent. From Fig. 7 it is clearly observed
that the adsorption of dye reaches equilibrium within 30 min.
5.4. Identiﬁcation of isoelectric point
The isoelectric point is the pH of the solution at which the
net surface charge on the adsorbent is zero. The magnitude of
zeta-potential is also important in the adsorption process. The zeta-
potential of synthesized ST-NPs was  systematically studied ranging
the pH from pH 2 to pH 10 using ultra sonicator. The zeta-potential
value is positive in an acidic medium and negative after pH 5. A0 5 10 15 20 25 30 35 40 45
Time(min)
Fig. 7. Effect of contact time on adsorption of MG.
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.5. Effect of pH
The adsorption capacity of ST-NPs and commercial strontium
itanate was studied by varying pH of the dye solution from pH 2 to
H 10 by the addition of HCl and NaOH for dosage of 15 mg  in 30 min
f contact time. From Fig. 9 it is found that the maximum adsorption
as observed at pH 10 and minimum at pH 2. The adsorption was
ound to be 98% in case of synthesized ST-NPs and 80% in the case
f commercial strontium titanate. The minimum adsorption at low
H is due to electrostatic repulsion between the protonated dye
nd positively charged adsorbent sites. At higher pH the surface
f the ST-NP becomes negatively charged and attracts positively
harged dye towards it which facilitates the adsorption of MG onto
T-NPs. This showed that adsorption is mainly dependent on pH of
he solution. However, an increase in the solution pH beyond 10.0
eached saturation. This might be due to increase in concentration
f OH− and non-availability of adsorption sites.
.6. Effect of initial concentration of dye
The adsorption studies were carried out by increasing the initial
ye concentration from 10 ppm to 50 ppm. The adsorption trend of
G onto adsorbent decreased on increasing dye concentration. The
dsorption has decreased from 77% to 39% in case of synthesized
T-NPs and 65% to 28% in the case of commercial strontium titanate
nd is shown in Fig. 10. This is due to at lower concentration, the
arge surface area of the adsorbent available for the adsorption of
ye ions. At higher concentration, due to saturation of active site of
he adsorbent, the % of adsorption decreases.Fig. 11. Adsorption kinetics – ﬁrst order.
5.7. Adsorption kinetics
The rate constant of MG  on ST-NPs was  studied by
Langmuir–Hinshelwood model [36].
r = −dc
dt
= krKC
(1 + KC)r (7)
where ‘r’ is the adsorption rate, ‘kr’ is the adsorption rate constant,
‘K’ is the absorption coefﬁcient of the reactant, and ‘C’ is the reactant
concentration. When C is very small, Eq. (7) can be expressed as
r = −dc
dt
= krKC = kC (8)
where ‘k’ is the ﬁrst-order rate constant. Set t = 0, C = C0, then Eq. (8)
is reduced to
ln
C0
C
= kt (9)
Fig. 11 shows the adsorption rate constant of ST-NPs. A graph of
ln(C0/C) versus time (t) is plotted. The graph shows the linear curve
with ﬁtting constant ‘R’ being 0.997. It is observed that adsorption
of MG  on ST-NPs ﬁts to ﬁrst order kinetic.
6. Adsorption isothermsAdsorption isotherm is the study of the relation between the
amounts of adsorbate adsorbed on the surface of adsorbent at
constant temperature. In the present study, Langmuir and Freund-
lich isotherm models were used to investigate the mechanism of
adsorption of MG on ST-NPs.
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Table 3
Langmuir constant values of MG on ST-NPs.
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Fig. 13. Freundlich adsorption isotherm.
Table 4
Freundlich isotherm values of MG on ST-NPs.0.9982 0.02781 0.02562 35.95 1.0857 0.084
.1. Langmuir isotherm
It is used to quantify the amount of adsorbate adsorbed on
n adsorbent at a given temperature. This model represents that
he adsorbent surface has a speciﬁc number of sites where the
dsorbate molecules can be adsorbed and also involve the mono-
ayer adsorption with no lateral interaction between the adsorbed
olecules. In addition to this, model assumes uniform energies of
dsorption on to the surface and no transmigration of the adsorbate.
he Langmuir adsorption isotherm is used to obtain a maximum
dsorption capacity produced from the complete monolayer cov-
rage of adsorbent surface. The Langmuir equation is described in
he following equation:
Ce
qe
= 1
Q0b
+ Ce
Q0
(10)
here Ce is the equilibrium concentration (mg/L), qe is the amount
f dye ion adsorbed (mg/g), Q0 is the monolayer adsorption capac-
ty (mg/g) and b is the constant related to the adsorption energy
Langmuir constant, L/mg). A plot of Ce/qe versus Ce gives a straight
ine which is as shown in Fig. 12 with slope 1/Q0 which corresponds
o the complete monolayer coverage (mg/g) and intercept is 1/Q0b.
he Langmuir constants Q0 and b were determined from the slope
nd intercept of the plot and are presented in Table 3.
A further analysis of the Langmuir equation can be made on the
asis of a dimensionless equilibrium parameter RL also known as
he separation factor, given by equation
L =
1
1 + bC0
(11)
here C0 is the initial concentration of the adsorbate. The value of
L lies between 0 and 1 for a favorable adsorption. While RL > 1 rep-
esents an unfavorable adsorption and RL = 1 represents the linear
dsorption, the adsorption operation is irreversible if RL = 0. The
alue of RL in the present investigation was found to be 0.084 at
0 ◦C indicating that the adsorption of MB  on ST-NPs is favorable.
.2. Freundlich isothermThe Freundlich isotherm is valid for a heterogeneous adsorbent
urface with a non-uniform distribution of heat of adsorption. ItR2 Slope Intercept 1/n  kF
0.4343 0.1373 3.1395 7.283 23.09
does not involve the monolayer adsorption. Freundlich equation is
given as:
qe = kFC1/n (12)
The linear form of the isotherm can be represented as:
log qe = log kF +
1
n
log Ce (13)
where kF is a constant indicative of the relative adsorption capacity
of the adsorbent (mg/g) and the constant 1/n indicates the inten-
sity of the adsorption. The Freundlich plot of ln qe versus ln Ce is as
shown in Fig. 13. The constants were calculated from the slope and
intercept of the graph and presented in Table 4. From the plotted
isotherm R2 value is found to be 0.4343 which is not ﬁtted well to
the Freundlich isotherm.
7. Conclusion
In this present study nano ST-NPs were synthesized by solution
combustion method using urea as a fuel. The PXRD patterns showed
the single phase, cubic structure and crystallite size was found to
be in the range of 10–15 nm which was  also consistent with TEM
results. The FESEM images reveal the spherical morphology and
agglomerated which was expected in combustion method due to
liberation of large volume of gases. It shows that 98% of adsorption
of MG dye onto the synthesized ST-NPs at pH 10 with the optimum
dosage of 15 mg/L at the stirring rate of 30 min. The synthesized ST-
NPs are more effective in removing MG  dye from aqueous solution
than the commercial strontium titanate. Adsorption kinetics results
show that the adsorption of MG  over ST-NPs follows ﬁrst order
kinetics. Isotherm studies showed that adsorption of MG  onto the
ST-NPs are well represented in the Langmuir isotherm.
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